Tissue engineering aims to regenerate new biological tissue for replacing diseased or injured tissues. We propose a new approach to accelerate the deposition of cell-secreted matrix proteins into extracellular matrix fibrils. We examined whether dynamic substrates with nanoscale ligand features allowing for 5 1 integrin recruiting, cellular tension generation, and 5 1 integrin mobility would enhance fibronectin matrix assembly in a ligand model system that is routinely not sufficient for its induction. To this end, we developed biodynamic substrates consisting of cell adhesive fragment from the 9 th and 10 th type repeats of fibronectin (FNf) functionalized to 100 nm pre-fabricated albumin nanoparticles (ANPs). FNf-ANPs modulated cellular spreading processes, promoting the development of stellate or dendritic morphologies. Concomitant with the spreading, FNf-ANPs rapidly recruited 1 integrins to focal contacts and promoted the migration of 1 integrins centripetally from the cell periphery toward the center. FNf-ANPs stimulated the deposition of secreted fibronectin into matrix fibrils; FNf, the key ligand alone, was not sufficient for fibronectin fibrillogenesis. When FNf-ANPs were displayed from "immobilized" substrates, abolishing any mobility of ligated 1 integrins, fibronectin matrix assembly was abrogated, implicating the role of dynamic matrix display on matrix assembly.
INTRODUCTION
Emerging efforts in the fields of biomaterials and tissue engineering seek to develop biomimetic substrates for tissue induction and differentiation 1, 2 . Signals from insoluble extracellular matrix (ECM) proteins are being incorporated within synthetic materials to stimulate signal transaction pathways eliciting cellular processes of proliferation, migration, differentiation, and survival 3, 4 . The key surface mediators of ECM attachment and concomitant signaling responses are the integrin family of transmembrane receptors 5, 6 .
Integrins are heterodimers of and subunits, each of which contains a large extracellular domain necessary for ligand binding, a single transmembrane domain, and a cytoplasmic domain that can interact with the cytoskeleton as well as signaling molecules. The activity of integrins is tightly coupled to its conformation; the bent conformation represents an inactive form of the integrin, while activation of the integrin induces a switchblade shift that transforms the bent conformation to an extended conformation 7 .
As increasing knowledge about cell-ECM interactions is gained, it has become possible to engineer substrates or matrices to elicit specific cellular functions [8] [9] [10] . While engineered adhesive ligand platforms have been successful in eliciting cellular behaviors such as adhesion, proliferation, and migration, there is currently no systematic, engineering approach to trigger extracellular matrix assembly.
Fibronectin, a key matrix molecule implicated in wound healing and tissue engineering, is a dimeric ECM protein composed of two structurally similar subunits joined at the carboxytermini by disulfide bonds. Each subunit consists of a series of repeating modules termed type I, II, and III, which form functional domains that bind to extracellular molecules and cell surface integrin receptors. Fibronectin is assembled by cells into an insoluble, multimeric form in the ECM 11 and it is from this form that fibronectin elicits cellular responses. Fibronectin matrix F o r P e e r R e v i e w 4 fibrils have been shown to control adhesion-dependent cell growth [12] [13] [14] [15] , enhance cell contractility 16 , increase the stability of cell-matrix adhesions 17 , and mediate the matrix incorporation of other ECM proteins [18] [19] [20] [21] . Fibronectin fibrillogenesis is a cell-mediated process in which binding of cell-secreted fibronectin to integrins results in fibronectin conformational changes that unmask cryptic domains required for fibril formation 11, 22 . Initiation of fibronectin matrix deposition requires interaction with the 5 1 integrin via the Arg-Gly-Asp (RGD) cellbinding sequence in the 10 th type III repeat (III-10) and the synergy sequence located in the adjacent 9 th type III repeat (III-9). The state of the cytoskeleton is pivotal during matrix assembly of fibronectin as cellular contractility or tension exposes cryptic domains on fibronectin necessary for polymerization. As regulators of the actin cytoskeleton, the Rho family of GTPases 23 play an important role in fibronectin fibrillogenesis; activation of Rho with serum or lysophosphatidic acid increases fibronectin deposition 24 , while inhibition of Rho signaling prevents fibronectin matrix formation 25 .
Integrin-mediated cellular responses are modulated by a variety of biochemical and biophysical factors 26, 27 . At the biophysical level, integrin function can be regulated by the physical arrangement of matrix ligands. Clustering or aggregation of ligated integrins into micron-scale complexes, which occurs as integrins form attachment to the matrix, is critical for the generation of integrin-mediated biochemical signal transduction and ensuing cellular responses 5 . Therefore, the organization of adhesion ligand display can be used to manipulate cellular responses. Parameters of adhesion ligand presentation that have been modulated include bulk ligand density [28] [29] [30] , clustering of ligands at one location 31 , and the spacing between ligands in the nanometer range 32, 33 . We have recently reported on the use of a nanoscale platform of adhesion ligand display, consisting of fibronectin fragment (abbreviated as FNf) presentation on binding. Given the biodynamic nature of such cell-particle interactions, in the current study focused on cultured fibroblasts, we tested the hypothesis that a similar dynamic nature of presentation of the cell-binding fragment of fibronectin from ANPs could be used to engineer fibronectin deposition into the ECM as this process is also regulated by integrin dynamics. We report that in addition to modulating fibroblast morphology and adhesion, FNf-ANPs substrates increased 1 organization at focal contacts and centripetal translocation with a concomitant increase in fibronectin matrix deposition. These results indicate the nanodisplay of adhesion ligands can be used to engineer cellular functionalities, beyond adhesion and migration, which are important for the remodeling during tissue repair and regeneration of biological tissues. Rochester, NY) were coated overnight at 4°C with known concentrations of GST-FNf (ranging from 10 µg/ml to 4 ng/ml) or albumin (ranging from 10µg/ml to 2 ng/ml) and dilutions of each conjugation reaction. Wells were washed, blocked with 13% (w/v) non-fat dry milk in phosphate buffered saline (PBS) for 1 hour at room temperature, washed, and incubated with rabbit anti-GST (70 ng/mL) or horseradish peroxidase-conjugated rabbit anti-albumin antibody
(1:2500 dilution) for 1 hour at room temperature. Wells were washed, and those incubated with anti-GST primary antibody were further reacted with horseradish peroxidase-conjugated goat anti-rabbit antibody (1:40,000 dilution) for 1 hr at room temperature. After washing, both plates were incubated with FAST OPD tablets according to the manufacturer's instructions. The color reaction was allowed to proceed for 30 minutes, and absorbance read at 450 nm in a multiwell plate reader. The levels of FNf displayed on each preparation of FNf -ANPs were calculated by linear regression using the standard curve obtained from the recombinant GST absorbances.
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Substrate Preparation
Substrates were prepared by coating surfaces overnight at 4°C with 30µg/ml of ANPs For indicated experiments, surfaces were pre-treated with an oxygen plasma (March Plasma Inc., 5 minutes, 50 W, 670 mTorr O 2 ) prior to incubation with FNf or FNf-ANPs. We ascertained using ELISA that the cell binding domain exposure of the ligand on both passively adsorbed and plasma-treated immobilized substrates was equivalent, ensuring that plasma treatment did not markedly alter the cell accessibility of the ligand. 
Immunofluorescence Microscopy
Labtek chamber slides (Nalge Nunc International, Rochester, NY) were coated overnight at 4°C
with FNf-ANPs or FNf as described above to attain equivalent display of with FNf. . Substrates were subsequently blocked with BSA and washed with PBS. Fibroblasts were seeded at densities and incubated for times described in each figure legend. After incubation at 37°C, samples were fixed with either 2% or 3.7% formaldehyde for 9 minutes or 15 minutes, respectively, and permeabilized with 0.5% Triton-X 100 for 20 minutes; only samples stained with anti-fibronectin antibody (clone IST-4) or anti-integrin 1 were fixed with 2%
formaldehyde. Samples were then incubated with primary antibodies in blocking buffer (3% BSA) for 1 hour, washed, and further incubated with the appropriate secondary antibodies for 1 
Treatments with Y27632 and soluble FNf-ANP and FNf
HFF were seeded on FNf-ANPs or FNf pre-coated surfaces prepared as described above. Two hours after seeding, cells were treated with Y27632 (3 µM). Cells were cultured overnight at 37°C before being processed for immunofluorescence. For soluble FNf-ANP studies, HFF were seeded on non-coated Labtek chamber slides for 2 hours before being incubated with FNf-ANPs or FNf at concentrations used for surface adsorption as described above. Cells were cultured overnight at 37°C in the continued presence of FNf-ANPs or FNf and processed for immunofluorescence.
Image Analysis
Two-dimensional image analysis was performed on cell specimens double-stained with Texas
Red-phalloidin (red for actin) and FITC-labeled secondary antibody against cell-secreted fibronectin antibody (green for fibronectin) using Image Pro Plus, version 5.0 (Media Cybernetics, Silver Spring, Maryland). To examine fibronectin fibril coverage found only in the extracellular matrix, a semi-automated method was developed to identify fibrils only found in the extracellular matrix and assess assembly. Briefly, the images were filtered, segmented and analyzed to determine the extent of fibronectin assembled in the ECM in terms of the area occupied by fibronectin fibrils. Within each actin-stained image, the upper and lower boundaries of the red fluorescence intensity were prescribed with a view to minimize the selection of all the pixels in the field corresponding to the actin stain (red) and to maximize the pixels that corresponded to the unlabeled ECM. The fibronectin stained image (green) was then used to prescribe the upper and lower boundaries of the green fluorescence intensity so that the selection of the green corresponding to fibronectin fibrils was maximized. The intensity range values from the red and green image were then applied to discriminate the fibronectin label within the ECM space using the overlay image of actin and fibronectin staining. By simultaneously applying the obtained values for the green and red fluorescent ranges to the overlay image, only the colocalized pixels that corresponded to both fibronectin and ECM space were identified, thus excluding intracellular fibronectin. Once these objects were selected and outlined, the area of these objects was determined by Image Pro and converted to squared micrometer units based on the objective and zoom factor used during image acquisition. This process was validated through effective comparison of the extent of matrix assembly obtained via semi-automated analysis to that obtained via manual thresholding.
Statistical Analysis
Data are expressed as mean ± standard deviation and represent one of two or three independent experiments performed in duplicate or triplicate. Statistical analysis was performed using one- 
RESULTS

Surface Characterization
By maintaining the amounts of ANPs constant while increasing the amount of FNf added to each conjugation reaction, four FNf-ANP preparations were fabricated, each displaying increasing levels of FNf .. To quantify the display GST-FNf on ANPs, particles were adsorbed onto surfaces and an ELISA was performed with an anti-GST antibody; serial dilutions of GST-FNf were used to generate a standard curve. As the concentration of FNf added to each conjugation reaction was increased, there followed a concomitant rise in the level of FNf displayed on ANPs, ranging from 0.13 µg/cm 2 to 1.70 µg/cm 2 ( Figure 1 ). Immunofluorescence staining of surfaces coated with FNf-ANPs showed homogenous adsorption at all concentrations (data not shown).
Nanoparticle display of FNf modulates early cellular behavior
To However, the display of FNf on ANPs altered HFF morphology from well spread, to a stellate shape with long, slender projections. To analyze cellular morphology, shape factors were quantified for all conditions. Shape factor establishes the degree of variance from a circle, and 
Increased fibronectin matrix deposition in response to FNf presentation on ANPs
Cell adhesion and morphology assays showed that HFF were responding differently to FNf depending on its presentation. A major function of fibroblasts is to assemble fibronectin into matrix fibrils. Therefore, we tested the ability of FNf-ANPs to modulate ECM assembly by HFF. There was no obvious difference in the matrix deposition of HFF-derived fibronectin when cells were grown on the lowest levels of FNf ligand, either substrate-adsorbed FNf ( Figure   3a , panels A, E,) or FNf-ANPs (Figure 3a , panels C, G,). In contrast, at the highest density of FNf, there was a dramatic increase in the assembly of fibronectin into matrix fibrils in response 
FNf-ANP enhanced fibronectin deposition into the ECM requires RhoA signaling
The small GTPase, RhoA, mediates fibronectin incorporation into the ECM as it regulates cellular contractility or tension which is thought to expose cryptic self-assembly sites within the fibronectin molecule that allow for matrix assembly 25, 36, 37 . Since cellular contractility depends on attachment to substrates, we determined whether inhibition of cellular contractility modulated 
Surface immobilization of FNf-ANP inhibits 1 translocation and fibronectin matrix assembly
The 5 1 integrin transmits cytoskeleton-generated tension to the extracellular fibronectin molecules via a specific local pattern of integrin movement 38 42 showed that physical state of the ECM was important in promoting fibronectin fibrillogenesis as cells cultured on immobilized fibronectin substrates were unable to rearrange fibronectin into fibrils. In our studies, we therefore hypothesized that a nanoscale platform involving dynamic ligand presentation could enable 1 integrin translocation and thus accelerate the induction rate of fibronectin matrix assembly. Consequently, we employed a system of regulated ligand display on mobilizeable ANP that would facilitate 1 recruitment and movement, and in turn, promote fibronectin Although the RGD sequence is indispensable in early fibrillogenesis, the synergy site functions in more of a regulatory role since matrix assembly is reduced but not completely inhibited in fibronectin molecules deficient in this sequence 45 . Since the cell-binding domain of fibronectin is so critical in fibronectin matrix assembly, we fabricated 100 nm ANP displaying various amounts of a fragment containing the cell-binding domain of fibronectin. Cell binding studies showed a dramatic increase in levels of fibroblast adhesion to FNf when it was displayed via ANPs compared to net ligand equivalents passively adsorbed to surfaces. In our previous study, we examined the cell binding domain exposure for FNf conjugated to albumin nanoparticles 34 .
We found that the display of FNf from albumin nanoparticles supports increased cell binding domain immunoreactivity relative to FNf exposure from non-nanoparticle albumin surfaces, suggesting that the nanoclustering of ligand may promote cell adhesion. Additionally, a modest increase in cell binding activity was found in FNf conjugated simply to monomeric albumin (control) relative to that on non-tissue culture polystyrene, presumably due to conformational changes in FNf conjugated to albumin. Other platforms of clustered ligand display on the nanoscale also show increased cell adhesion 33, 41 . In addition to modulating levels of cell adhesion, the presentation of FNf on ANP elicited dramatic changes in cell morphology as quantified by the significant differences in shape factors elicited on these surfaces. In a series of experiments investigating the response of fibroblasts to 3D versus 2D matrices 46 , behaviors strikingly similar to those we achieved on FNf-ANP were observed on 3D matrices, namely 47 .
Therefore, the increased adhesion observed on FNf -ANP may result from activation of the 5 1 integrin in response presentation of FNf on ANP since net equivalent FNf adsorbed onto substrates failed to elicit similar levels of adhesion. It should be noted that the enhancement in cell adhesion due to the nanoscale ligand display may be one factor in promoting matrix assembly, but, like ligand concentration, it is not sufficient to enhance matrix assembly --instead, a major requisite factor appears to be the ability of ligand-displaying nanoparticles to be "mobilized" following receptor-mediated cell adhesion. Thus, cell matrix assembly was not promoted in conditions where the FNf-ANP showed increased cell-binding domain exposure of the ligand (verified through ELISAs) but where FNf-ANP were immobilized to the underlying substrate.
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